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We propose a quantum non-demolition Majorana qubit readout protocol based on parametric
modulation of a longitudinal interaction between a pair of Majorana bound states and a resonator.
The interaction can be modulated through microwave frequency gate-voltage or flux control of a
tunable tunnel barrier. The qubit-resonator coupling is quantum non-demolition to exponential
accuracy, a property inherited from the topological nature of the Majorana zero modes. The same
mechanism as used for single-qubit readout can also be extended to perform multi-qubit measure-
ments and be used to enact long range entangling gates.
I. INTRODUCTION
When quantum information is stored in Majorana
zero modes (MZMs) in topological superconductors, ap-
preciable overlap of two Majorana wavefunctions leads
to a splitting of the ground space degeneracy. Quan-
tum information can then in principle be read out
by measuring the resulting localized charge. Promis-
ing progress has been made towards realizing MZMs
in epitaxial semiconductor-superconductor nanowire hy-
brids [1–3] and in 2D hybrids with litographically de-
fined 1D channels [4–6]. However, many questions remain
about how to best control and measure these systems. To
fully harness the long lifetimes expected for quantum in-
formation stored in topological systems, it is crucial that
the logical operations are fast and do not introduce new
errors that break the inherent protection from noise.
Measurement-only topological quantum computing is
an attractive approach to computing with MZMs, be-
cause it removes the need to physically transport
anyons [7]. The price paid is that a single physical braid
is replaced by a series of measurements, where the total
number of measurements needed is probabilistic [8; 9].
Qubit readout is known to be rather slow compared to
unitary gates in more developed solid-state qubit archi-
tectures [10–12]. This raises a question of whether read-
out of MZMs can be made sufficiently fast and high fi-
delity to allow gates with better performance than con-
ventional qubits.
We propose an approach to readout of MZMs based
on parametric modulation of a longitudinal interaction
between a pair of Majorana modes and a single mode
of a readout resonator. MZMs localized at the ends of
two topological superconductors overlap across a non-
proximitized semiconducting barrier, forming a gate-
tunable valve [13]. A schematic of such a setup is shown
in Fig. 1. Interaction with the electromagnetic field is
in turn introduced by capacitive coupling to a resonator.
The non-local nature of the Majorana modes implies that
the coupling to the resonator voltage is proportional to
the overlap of a pair of Majorana wavefunctions, giving
an interaction of the form Hˆint = −eηVˆrγˆiγˆj , where Vˆr
is the voltage bias of the resonator, γˆi,j are Majorana
operators which satisfy γˆi = γˆ
†
i and {γˆi, γˆj} = 2δij , and
η is proportional to the Majorana wavefunction overlap.
In itself, Hˆint is not directly useful for readout because
there is no energy exchange between the resonator and
the Majorana subsystem, and the interaction leads to a
negligible response of the resonator. To enact a measure-
ment we therefore propose to modulate the Majorana
wavefunction overlap, η → η(t). In practice, this can
be done through gate voltages or an external flux con-
trolling the energy cost of electron tunneling, as we will
show. If η(t) is modulated at the resonator frequency,
Hˆint takes the form of an on-resonance ac voltage drive
of the resonator, with a Majorana state dependent phase.
As a consequence, the resonator field is displaced in one
of two diametrically opposite directions in phase space,
depending on the eigenvalue ±1 of iγˆiγˆj , leading to a
large response for the resonator
The scheme proposed here is based on a readout pro-
tocol introduced in Ref. [14] which relies on longitudinal
(as opposed to transverse) qubit-resonator interaction.
While this approach was originally introduced in the con-
text of transmon qubits, longitudinal coupling is the nat-
ural form for the light-matter interaction with bound Ma-
jorana modes [15]. The quantum non-demolition (QND)
nature of the coupling is in a certain sense protected by
the fractional and non-local nature of the MZMs. As the
coupling is only present for Majorana modes with non-
negligible overlap, one can controllably choose to read
out a single pair iγˆiγˆj , while coupling to all other MZMs
is exponentially suppressed. The observable iγˆiγˆj is thus
a constant of motion, leading to a measurement that is
QND, up to exponentially small corrections. We refer
to this manifestation of the topological nature of Majo-
rana bound modes in a measurement, first discussed in
Ref. [8], as topological QND (TQND) measurement.
We also show how the readout protocol can be ex-
tended to multi-qubit measurements, and how the same
mechanism proposed for the readout protocol can be used
to enact long-range entangling gates between Majorana
qubits. The proposed two-qubit gate is non-topological,
but is nevertheless compelling as an ingredient in a topo-
logical quantum computing platform. It can be used to
generate entangled qubit pairs used in two-qubit gate
teleportation [16], and the possibility of generating long-
range entanglement can facilitate a more modular ap-
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2proach to topological quantum computing [17].
II. LONGITUDINAL
MAJORANA-RESONATOR INTERACTION
We consider physical realizations of Majorana qubits
where pairs of Majorana bound states are localized
at the ends of a quasi one-dimensional electronic sys-
tem, or quantum wire. Light-matter interaction arises
due to capacitive coupling to the electric field of a
resonator. To be specific, consider the schematic
setup illustrated in Fig. 1. Two topolological super-
conductors are tunnel coupled to a common semicon-
ducting (Sm) barrier, effectively forming a topological
superconductor-semiconductor-superconductor (TS-Sm-
TS) junction. We assume that the barrier behaves as
a quantum dot with a discrete set of orbitals. This can
be a naturally formed dot in a non-proximitized segment
of a superconductor-semiconductor hybrid where a single
gate voltage can be used to control the dot energy lev-
els [2; 18]. Alternatively, additional gates can be intro-
duced to directly control the tunnel coupling between the
dot and the wires, as in the proposals in Refs. [8; 9]. We
focus on a situation where the dot levels are off resonant
from the Majorana modes such that the dot effectively
acts as a tunable barrier.
We moreover assume that each wire is in contact with
a common non-topological superconductor (denotes S in
the figure), such that we can treat the two wires and the
conventional superconductor as a single superconducting
island [8]. Finally, both the superconducting island and
the semiconducting barrier can be capacitively coupled
to the the electric field of a resonator (in the figure, only
capacitive coupling to the superconducting island is in-
dicated).
As discussed in more detail in Appendix A, we can
write a low-energy Hamiltonian for the Majorana qubit
(TS-Sm-TS) system excluding the resonator field as
Hˆq =
∑
α=L,R
Eαiγˆα1γˆα2 + HˆC + HˆB + HˆT , (1)
where the index α labels the two wires. The bare Ma-
jorana fermion splittings of each wire Eα ∝ e−Lα/ξα is
assumed to be exponentially small, where Lα is the wire
length and ξα a characteristic coherence length [19]. We
will consider only the ideal long wire regime and therefore
take Eα → 0 from here on. The term HˆC = EC(Nˆ−ng)2
describes the charging energy of the superconducting is-
land, with Nˆ the island’s electron occupancy and ng an
offset charge. The two last terms in Eq. (1) describe the
barrier between the left and right wires, which we model
by Hamiltonians
HˆB =
∑
j
hj bˆ
†
j bˆj + U
∑
j
bˆ†j bˆj − nb
2 (2)
TS TS
γˆL1 γˆL2 γˆR1 γˆR2
Φx
Vg
FIG. 1. Schematic Majorana qubit setup. Two topological
superconducting wires (TS) host four Majorna bound states,
located at the respective wire ends (crosses). A dot is formed
in a non-proximitized semiconducting segment (Sm), acting
as a tunable barrier between the two wires. A conventional su-
perconductor (S) shunts the two wires such that they behave
as a single superconducting island with a uniform supercon-
ducting phase. The superconducting island furthermore cou-
ples capacitively to the voltage of a resonator (Vˆr). The over-
lap of the Majorana wavefunctions can be controlled through
gate-voltages (Vg), or through an external flux threading the
superconducting loop (Φx). A geometry with two parallel
wires as in Ref. [8] can also be used.
and [20]
HˆT =
∑
j
itLj
2
e
i(ϕˆ+ϕx)
2 γˆL2bˆj − tRj
2
e
iϕˆ
2 γˆR1bˆj + H.c. (3)
Here hj are bare energies for orbitals localized in the
semiconducting barrier in the uncoupled limit (tαj → 0),
and bˆ†j the corresponding fermionic creation operators. U
is the dot charging energy and nb a gate-tunable offset
charge, while tαj ≥ 0 are tunneling amplitudes propor-
tional to the overlap of the corresponding Majorana mode
functions and the dot-orbitals (see Appendix A). The su-
perconducting phase ϕˆ appearing in the tunneling Hamil-
tonian and the island electron number Nˆ are canonical
conjugate variables satisfying [Nˆ , eiϕˆ/2] = eiϕˆ/2. We also
include an external flux ϕx = 2piΦx/Φ0, with Φ0 = h/2e
the magnetic flux quantum, threading the loop formed
by the TS-Sm-TS junction and the bulk superconductor.
Coupling to the electromagnetic field is introduced
through a total Hamiltonian Hˆ = Hˆq + Hˆr + Hˆint where
Hˆr = ~ωraˆ†aˆ and
Hˆint =
∑
α
i~λCNˆ(aˆ† − aˆ) +
∑
j
i~λj bˆ†j bˆj(aˆ
† − aˆ). (4)
Here aˆ† creates a resonator photon with energy ~ωr, and
λC (λj) is a coupling constant describing capacitive cou-
pling of the resonator to the island charge (the semicon-
ducting barrier).
In the proposed readout protocol, the barrier occu-
pation energies are gradually lowered (alternatively, the
tunnel couplings tαj are gradually turned on) such that
the initial (near) zero energy logical qubit eigenstates
evolve into hybridized states partially localized in the
semiconducting barrier. The logical states then become
3split in energy and couple to the resonator field. The key
physics behind the effective Majorana-resonator coupling
can be exposed by diagonalizing Hˆq and modeling the
semiconducting barrier by a single orbital j = 0 for sim-
plicity, HˆB = ε0bˆ
†
0bˆ0 with ε0 = h0+U(1−2ng). Since HˆT
only couples states |N = n, n0 = 0〉 and |N = n−1, n0 =
1〉, where N is an island charge eigenvalue and n0 the
barrier occupancy, we can diagonalize Hˆq block by block.
We here restrict our focus to ng ' 0 and large charging
EC and barrier energy ε0, such that relevant subspace
is spanned by {|N = 0, n0 = 0〉, |N = −1, n0 = 1〉}.
The general case is given in Appendix A 3. Furthermore,
treating the resonator-interaction Hˆint as a perturbation,
we have a Hamiltonian for the low-energy subspace
Hˆ ' ~ωraˆ†aˆ+ ~ωq
2
σˆz + i~gz(σˆz + 1)(aˆ† − aˆ), (5)
where we have defined σˆz = iγˆL2γˆR1, and to
first order in the resonator couplings we have
~ωq = 12 [f+(ϕx)− f−(ϕx)] and gz = −λC−λ04 ∂~ωq∂δ ,
with δ = ε0 + EC(1 + 2ng) and f±(ϕx) =√
δ2 + t2L + t
2
R ± 2tLtR cos
(
ϕx
2
)
. In the limit of small
tL, tR  δ we have the simplified expressions ~ωq '
tLtR cos (ϕx/2) /δ and gz ' λC−λ04 tLtR cos (ϕx/2) /δ2.
We emphasize that it is the difference in the bare
coupling strength δλ ≡ λ0 − λC that appears in the
low-energy effective Majorana-resonator coupling gz. In
other words, the resonator is sensitive to the difference
in voltage bias depending on if a charge is localized in
the superconductor or in the semiconductor. The cou-
pling differential |δλ| can be maximized by appropriately
fabricating coupling capacitances.
Note that Eq. (5) assumes that δλ is sufficiently small
and the energy δ of moving an electron from the island
into the barrier is sufficiently large such that resonator
induced coupling to excited states in the barrier can be
neglected. Higher order terms in a perturbative expan-
sion in δλ might change the dynamics of the resonator,
but will nevertheless commute with σˆz (see Appendix A 3
for the full expression).
III. PARAMETRIC QUBIT READOUT
The Majorana-resonator coupling in Eq. (5) is of a
longitudinal nature. Longitudinal coupling here refers
to a qubit-resonator Hamiltonian interaction of the form
Hˆz = igzσˆz(aˆ
† − aˆ) that is proportional to the qubit
Hamiltonian Hˆq ∝ σˆz, while transversal coupling in con-
trast refers to an interaction Hˆx = igxσˆx(aˆ
† − aˆ) orthog-
onal to the qubit Hamiltonian. At first glance, the longi-
tudinal nature of the qubit-resonator interaction might
seem like a disadvantage, because there is no energy
exchange between the two systems (note that the cou-
pling terms are fast rotating in the interaction frame,
and would thus average out on a short time-scale). In a
proposal introduced in Ref. [21] this issue was overcome
EC
ωq ∼ t
2
δ
cos
ϕx
2
ε0(Vg)
t/δ
|g z
/
δ λ
|
FIG. 2. Longitudinal readout concept: A semiconducting seg-
ment (Sm) forms a dot acting as a tunable barrier between
the topological quantum wires. By modulating either the tun-
neling amplitudes, barrier excitation energy, or an external
flux through the qubit loop, the longitudinal coupling can
be modulated with an amplitude g˜z, leading to a qubit state
dependent displacement of the resonator with steady state
magnitude ±g˜z/κ.
by working with relatively short wires, introducing terms
of the form Eαiγˆα1γˆα2 to the Hamiltonian. However, this
leads to a readout that is not truly QND, and breaks the
topological protection of the qubit. We instead propose
to work in the long wire limit with purely longitudinal
coupling (up to exponentially small corrections in the
wire length), and introduce a simple cure to bridge the
energy gap between the logical qubit states and the res-
onator [14]: By parametrically modulating the longitudi-
nal coupling strength at the resonator frequency the lon-
gitudinal interaction takes the form of a resonant drive of
the resonator, with a qubit-state dependent phase, lead-
ing to a large response for the resonator. Note that in
contrast to readout based on transversal coupling, the
standard approach for superconducting qubits [22], a lon-
gitudinal interaction leads to a fully QND readout. The
readout protocol is illustrated conceptually in Fig. 2.
The barrier energies εj and/or tunnel couplings tαj
can be controlled via gate voltages, giving us a mech-
anism for modulating the Majorana-resonator coupling,
ωq → ωq(Vg), gz → gz(Vg). Effectively, this amounts
to modulating the Majorana wavefunction overlap across
the semiconducting barrier. Another attractive option is
to modulate the external flux ϕx(t) = ϕ¯x + ϕ˜x(t), since
for small tunneling we have shown that gz ∼ cos(ϕx/2).
In Fig. 3 we show the parametric dependence of gz and
ωq on δ, t = tL = tR and external flux ϕx, for a single
barrier-orbital j = 0 as before. Notably, the coupling gz
can be a large fraction of the bare coupling differential
|δλ| = |λ0 − λC |.
Following Ref. [14], we propose to modulate the ef-
fective coupling strength gz(t) = g¯z + g˜z cos(ωrt) at
the resonator frequency. In the interaction picture and
dropping fast rotating terms we then have H˜ideal =
1
2 g˜zσˆz(aˆ
† − aˆ). [23]. The dynamics under this Hamil-
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FIG. 3. (a)–(c): Parametric dependence of longitudinal
coupling on δ/t (a) and t/δ (b) for ϕx = 0, and on ϕx (c) for
t/δ = 1 (solid line) and t/δ = 0.5 (dotted line). (d)–(e): Qubit
splitting ~ωq/t (d), ~ωq/δ (e, f) for the same parameters as
in the top row. The dashed lines in (a), (b), (d) and (e) are
approximations for small t/δ. The parameter δλ = λ0−λC is
the difference in resonator-coupling strength for the semicon-
ducting barrier and the superconducting island.
tonian is exactly solvable: In the long-time limit the res-
onator is displaced to one of two coherent states | ± α〉
depending on the qubit state, with α = g˜z/κ where κ is
the resonator decay rate [14].
As was demonstrated in Ref. [14] parametric modula-
tion of longitudinal coupling can lead to extremely fast,
QND readout. We illustrate this with the idealized model
H˜ideal in Fig. 4. Panel (a) shows the readout infidelity
1−F as a function of g˜z/κ for two different measurement
times κτ = 1, 2, and panel (b) shows the measurement
time and modulation amplitude needed to reach infideli-
ties 1 − F = 10−3 and 1 − F = 10−6. Details on the
calculation of F are given in Appendix C. One of the re-
markable properties of longitudinal qubit readout is the
fast rate at which qubit information is attained [14], as
these results show. For example, for a readout rate of
κ/(2pi) = 1 MHz and a coupling modulation amplitude
of g˜z/(2pi) = 5 MHz, an infidelity of 10
−6 can be reached
in about 300 ns for the ideal model.
We emphasize that there are two ingredients necessary
for realizing fast, high-fidelity longitudinal readout: Both
a longitudinal qubit-resonator interaction, and fast con-
trol of the interaction strength to allow modulation at
the resonator frequency. The combination of a highly ro-
bust longitudinal interaction protected by the non-local
nature of MZMs, and the natural parametric control over
the interaction in Majorana qubit systems through gate-
voltages or external flux, makes this qubit architecture
especially attractive for realizing longitudinal readout.
Realistically we expect reduction in the measure-
ment fidelity compared to the idealized results presented
in Fig. 4. We can distinguish between two qualitatively
different types of noise sources: Those that preserve the
QND nature of the interaction and those that break it.
For example, charge and flux noise lead to fluctuations in
2 4 6 8 10
g˜z/κ
10−9
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FIG. 4. Measurement infidelity for ideal longitudinal read-
out with interaction Hˆideal. (a) Infidelity as a function of
modulation amplitude for two different measurement times
κτ = 1, 2. (b) Measurement time needed to reach infidelities
1− F = 10−3 and 1− F = 10−6 as a function of modulation
amplitude.
the coupling strength gz, which might reduce the signal-
to-noise ratio and thus the measurement fidelity for a
fixed readout time. However, this does not change the
longitudinal form of the interaction Hamiltonian. Simi-
larly, higher-order terms neglected in Eq. (5) might alter
the dynamics of the resonator, e.g. cross- and self-Kerr
terms of the form ∼ σˆzaˆ†aˆ and ∼ aˆ†2aˆ2, but any higher
order term will nevertheless commute with σˆz as long
as transitions out of the low-energy logical subspace can
be neglected. Even more remarkably, the same argu-
ment holds for coupling to the electromagnetic field be-
yond the readout resonator as well (see Appendix B). The
electromagnetic environment thus only causes dephasing
noise in the measurement basis, leading to the notion
of a TQND measurement. In contrast to the mentioned
noise channels are noise channels that cause state transi-
tions in the measurement basis. Two likely causes of this
are finite wire lengths [19] and quasi-particle poisoning
events [24; 25]. These errors explicitly break the assump-
tions behind the topological protection of the qubit and
cause faulty measurement outcomes which can not be
overcome by measuring for longer times.
IV. LONG-RANGE INTERACTIONS
The same mechanism as used for readout, i.e., para-
metric modulation of the longitudinal qubit-resonator in-
teraction, can also be used to enact long-range two-qubit
gates. Consider a two-qubit setup, where for each qubit
a pair of Majorana operators are tunnel coupled a semi-
conducting barrier, as before. Each qubit island is in
turn coupled capacitively to a common resonator mode.
Based on the results leading up to Eq. (5) we expect this
setup to be well described by a Hamiltonian
Hˆ =
~ωq1(t)
2
iγˆ1γˆ2 +
~ωq2(t)
2
iγˆ5γˆ6 + ~ωraˆ†aˆ
+i~g1(t)iγˆ1γˆ2(aˆ† − aˆ) + i~g2(t)iγˆ5γˆ6(aˆ† − aˆ).
(6)
Here, qubit one is defined in terms of Majorana operators
γˆ1, . . . , γˆ4 and qubit two in terms of γˆ5, . . . , γˆ8. Modulat-
ing the coupling parameters at the resonator frequency
5leads to a readout of the two observables iγˆ1γˆ2 and iγˆ5γˆ6,
as before. In contrast, by choosing a modulation fre-
quency gi(t) = g¯i + g˜i cos(ωmt) which is far off-resonant
|ωr − ωm|  κ, Eq. (6) leads to an effective qubit-
qubit interaction. As shown in Ref. [26], an exact uni-
tary transformation maps the Hamiltonian Eq. (6) onto
Hˆ ′ = ~Jγˆ1γˆ2γˆ5γˆ6 + ~ωraˆ†aˆ, where J ' g˜1g˜2/(ωm − ωr).
By modulating for a period of time tg = pi/4|J | this
gives a two-qubit entangling gate. In an encoding where
iγˆ1γˆ2 = σˆz1 and iγˆ5γˆ6 = σˆz2 the gate is, up to single
qubit unitaries, equivalent to a controlled-Z gate [26]. If
the tunnel couplings are tunable such that one can selec-
tively couple to different pairs of Majorana operators on
each island, similar to the proposals in Ref. [9], it is fur-
thermore possible to enact effective P¯i ⊗ P¯j interactions
where P¯i, P¯j are any of σˆx, σˆy, σˆz.
We emphasize that the proposed two-qubit gate is not
topologically protected: The qubit degeneracy is lifted
during the gate. Moreover, as resonator photons leak
out at rate κ, this leads to resonator-induced qubit de-
phasing [26].
V. TWO-QUBIT PARITY MEASUREMENTS
Single-qubit readout is in itself an important primitive
in any Majorana based quantum computation scheme.
To enact the full set of Clifford gates in a measurement-
only scheme, however, it is furthermore necessary to mea-
sure four-MZM terms of the type γˆ1γˆ2γˆ3γˆ4 [9].
An example setup is shown in Fig. 5, where two Ma-
jorana box qubits (left and right) are interfaced via two
distinct semiconducting barriers (denoted by b1 and b2),
as proposed in Ref. [8]. When the energy cost of moving
a charge off any of the two superconducting islands is
large and the relevant barrier orbitals are unoccupied,
this setup leads to an effective low-energy interaction
∼ γˆ1γˆ2γˆ3γˆ4, which is in a certain sense protected. As
explained in Ref. [9] this can be seen by considering the
tunneling paths for a fermion to start and end up on the
same island: Either it can travel partway around the loop
and backtrack, which leads to an operator proportional to
the identity in perturbation theory (e.g., γˆ1γˆ3γˆ3γˆ1 = 1),
or it can make the full loop, leading to the desired com-
bination γˆ1γˆ2γˆ3γˆ4. Note, however, that this argument
does not hold if an electron is shared between two near-
resonant states for the two Sm-barriers, since the charge
can tunnel from one barrier to the other leading to terms
proportional to γˆ1γˆ2 and γˆ3γˆ4 in the effective low-energy
Hamiltonian. We therefore focus on a setup where the
relevant barrier orbitals are intialized to be empty.
To introduce a readout mechanism, we assume that
the superconducting islands and the barrier orbitals are
capacitively coupled to a single readout resonator, as be-
fore. Considering only one orbital for each barrier, with
fermion annihilation operators bˆ1 and bˆ2, respectively, a
TS
TS
Φx
TS
TS
γˆ1
γˆ2
γˆ3
γˆ4
b2
b1
FIG. 5. Schematic of two Majorana box qubits interfaced
by two separate semiconducting barriers (b1, b2), and capaci-
tively coupled to a common readout resonator voltage Vˆr. In
the figure capacitive coupling to each superconducting island
is indicated, but it is sufficient that one of the two qubits
couple to the resonator.
Hamiltonian describing the setup illustrated in Fig. 5 is
Hˆ = Hˆ0 + Hˆr + HˆT + Hˆint (7)
where
Hˆ0 = ELNˆ
2
L + ERNˆ
2
R + ε1bˆ
†
1bˆ1 + ε2bˆ
†
2bˆ2, (8)
Hˆr = ~ωraˆ†aˆ, (9)
are bare Hamiltonians for the Majorana qubit and res-
onator subsystems, respectively,
HˆT = e
iϕˆL/2
(
t1γˆ1bˆ1 + tˆ2γˆ2bˆ2
)
+ eiϕˆR/2
(
t3γˆ3bˆ1 + t4γˆ4bˆ2
)
+ H.c.
(10)
is a tunneling Hamiltonian, and
Hˆint =
 ∑
ν=L,R
λνNˆν +
∑
i=1,2
λibˆ
†
i bˆi
 i(aˆ† − aˆ) (11)
describes capacitive coupling to the resonator. In these
expressions, εi are orbital occupation energies, Eν are
charging energies for the left (ν = L) and right (ν = R)
island, and Nˆν and ϕˆν the corresponding charge and
phase operators, satisfying [Nˆν , e
iϕˆµ/2] = δνµe
iϕˆµ/2. We
have neglected any offset charge, for simplicity, and any
external flux ϕx = 2piΦx/Φ0 through the qubit loop can
be absorbed into the tunnel couplings ti. Finally, λx for
x = L,R, 1, 2 describes capacitive coupling of the differ-
ent parts to the readout resonator.
To illustrate the principle behind longitudinal coupling
for this setup, we treat HˆT + Hˆint as a perturbation, and
perform a Schrieffer-Wolff transformation with respect
to the qubit subsystem Hˆ0 only. For large charging and
barrier occupation energies, the relevant low-energy state
is |Ω〉 ≡ |NL = 0, NR = 0, n1 = 0, n2 = 0〉, where Nν
refers to the charge on island ν and ni the occupation of
the ith barrier. Following Ref. [27] we define projection
operators onto the ground state |Ω〉 and excited states of
Hˆ0 and find an effective low-energy Hamiltonian Hˆeff =
6〈Ω|Uˆ†HˆUˆ |Ω〉 = Hˆ0 + Hˆ1 + Hˆ2 + . . . To fifth order in
Schrieffer-Wolff, and neglecting fast rotating terms for
the resonator, we find
Hˆeff = Hˆr − (A+A∗)γˆ1γˆ2γˆ3γˆ4
+(B +B∗)γˆ1γˆ2γˆ3γˆ4i(aˆ† − aˆ),
(12)
where we have dropped a frequency shift of the resonator,
and the coefficients are given by
A =
t1t
∗
3t
∗
4t2
∆1∆2∆5
+
t1t
∗
3t
∗
4t2
∆3∆4∆6
, (13)
B=
t1t
∗
3t4t
∗
2
∆1∆2∆5
(
λ1 − λL
∆1
+
λ2 − λL
∆2
+
λR − λL
∆5
)
+
t1t
∗
3t4t
∗
2
∆3∆4∆6
(
λ1 − λR
∆3
+
λ2 − λR
∆4
+
λL − λR
∆6
)
,
(14)
with ∆1 = EL + ε1, ∆2 = EL + ε2, ∆3 = ER + ε1,
∆4 = ER + ε2, ∆5 = ∆6 = EL + ER.
Again, this result suggests a way to read out the ob-
servable γˆ1γˆ2γˆ3γˆ4 by modulating the longitudinal cou-
pling strength. This can be done by varying the tunnel
rates, or since t1t
∗
3t
∗
4t2 ∼ cos(ϕx/2), the external flux
through the qubit loop. We emphasize that the basic
idea of multi-MZM measurements protected by an ener-
getic constraint is not restricted to longitudinal readout
using parametric modulation. In particular, dispersive
coupling terms will occur at higher order in perturbation
theory. There is also, clearly, a cost to measuring higher
weight MZM operators. The idea can in principle be ex-
tended to measuring any even-weight string of Majorana
operators, but at the cost of a coupling to the resonator
occurring at even higher order in perturbation theory.
VI. CONCLUSIONS
We have introduced a readout protocol for Majorana
qubits based on parametric modulation of a longitudinal
Majorana-resonator interaction. Under modest assump-
tions about the magnitude of the coupling modulation,
our results suggest that high-fidelity readout is possi-
ble in short measurement times. Fast and high-fidelity
readout is equally important to long coherence times
in measurement-only topological quantum computing, as
measurement time as a fraction of coherence time ulti-
mately bounds the overall fidelity of logical braids. More-
over, the same mechanism as used for readout can be used
to generate long-range entanglement between Majorana
qubits. The hardware requirements for coupling to res-
onators and the necessary parametric control is similar
to other solid-state qubit architectures, including super-
conducting qubits [10; 28], thus making parametric mod-
ulation of longitudinal coupling an attractive ingredient
in a topological quantum computing architecture.
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Appendix A: Tunable interaction between a pair of
Majorana modes and a resonator
1. A single superconducting island hosting two
quantum wires
We start by considering two quantum wires, each host-
ing a pair of bound Majorana modes, on a single super-
conducting island with charging energy EC . We for now
ignore the tunnel coupling to the semiconducting region
(labelled “Sm” in the Fig. 1). We return to the tunnel
coupling in the next section. The superconducting is-
land hosting the two quantum wires can be described by
a Hamiltonian
Hˆisland = EC(Nˆ + nˆe − ng)2 +
∑
α=L,R
Hˆe,α, (A1)
where the first term is the charging energy of the super-
conducting island, with Nˆ equal to two times the number
of Cooper pairs and
nˆe =
∑
α=L,R
∑
σ=↑,↓
∫
d3rψˆ†ασ(r)ψασ(r), (A2)
counts any unpaired, near-zero energy electrons [29].
Here ψˆασ(r) is an electron field for the quantum wire
labeled α ∈ {L,R} (with spin σ =↑, ↓) satisfying
{ψˆασ(r), ψˆ†βσ′(r′)} = δαβδσσ′δ(r − r′). Finally, ng is an
offset charge which is in principle gate controllable, but
also unavoidably undergoes random fluctuations in any
realistic setting.
The last two terms in Eq. (A1) are BCS Hamiltonians
for each quantum wire
Hˆe,α =
∑
σ=↑,↓
∫
d3rψˆ†ασ(r)hα(r)ψˆασ(r)
+
∫
d3r
[
∆e−iϕˆψˆ†α↑(r)ψˆ
†
α↓(r) + H.c.
]
.
(A3)
Here, the first line describes single-electron physics and
the second line are superconducting pairing terms with a
superconducting gap ∆ and phase ϕˆ, whose physical ori-
gin is proximity induced superconductivity due to con-
tact with a nearby bulk superconductor. A physical re-
alization of a quantum wire can be, e.g., a semiconduct-
ing nanowire with an epitaxially grown superconducting
shell coating the wire. The superconducting phase and
7electron number operator are canonical conjugate vari-
ables satisfying [Nˆ , eiϕˆ/2] = eiϕˆ/2. Crucially, we assume
that both wires are in contact with a common conven-
tional s-wave superconductor (illustrated with blue color
in Fig. 1) shunting the two wires such that the entire
system behaves as a single superconducting island with a
uniform superconducting phase. This configuration, first
proposed in [8], has been dubbed a Majorana box qubit.
The single-electron Hamiltonian hα(r) is of the generic
form
hα(r) =
−~2
2m
∇2 − eV (r) + . . . , (A4)
where m is the effective electron mass, V (r) refers to
the total potential experienced by the electrons due to
the confining potential of the nano-circuit as well as
any (classical) gate voltages [30]. The trailing ellipses
in Eq. (A4) refer to spin-orbit coupling, Zeeman fields
and any other single-electron physics necessary for the
existence bound near-zero energy Majorana modes in the
wire [31; 32]. Here, we simply assume that each wire is
in the topological regime with a pair of bound Majorana
modes localized at the respective wire ends.
Coupling to the quantized electromagnetic field is in-
troduced through an interaction Hamiltonian
Hˆtot = Hˆisland + Hˆr + Hˆisland,int, (A5)
where Hˆr is the electromagnetic Hamiltonian, which in a
single-mode approximation becomes Hˆr = ~ωraˆ†aˆ, with
ωr the resonator frequency and aˆ the annihilation opera-
tor for the resonator mode. The light-matter interaction
describes capacitive coupling between the electrons on
the island and the electric field of the resonator [30]
Hˆisland,int = i~λCNˆ(aˆ† − aˆ)
−e
∑
α=L,R
∑
σ=↑,↓
∫
d3rVˆr(r)ψˆ
†
ασ(r)ψˆασ(r),
(A6)
where the coupling strength can be expressed as
λC = −ωr
√
piZr
RK
Cc
Cisland
, (A7)
with Cc the coupling capacitance between the island and
the resonator, Cisland = e
2/(2EC) the island’s capaci-
tance, Zr the resonator’s characteristic impedance and
RK = h/e
2 the quantum of resistance. Equation (A6)
can be read as a quantized contribution to the gate volt-
age biasing the island, where in a single mode approxi-
mation the resonator voltage is
Vˆr(r) = iωr
√
~Zr
2
Cc
Cisland
u(r)(aˆ† − aˆ), (A8)
with u(r) a dimensionless resonator mode function de-
scribing the spatial dependence of the voltage biasing the
island. Note that if the island is small compared to any
spatial variation of the resonator mode function, we can
take u(r) ' 1 and the Hamiltonian takes the simpler form
Hˆisland,int = i~λC(Nˆ + nˆe)(aˆ† − aˆ).
We are interested in the low-energy physics of Hˆisland.
It is convenient to perform a unitary transformation [29]
Uˆ = e−iϕˆnˆe/2, (A9)
such that
Uˆ†ψˆασ(r)Uˆ = e−iϕˆ/2ψˆασ(r), (A10)
Uˆ†NˆUˆ = Nˆ − nˆe. (A11)
This unitary removes the dependence on ϕˆ from
Hˆ ′e,α = Uˆ
†Hˆe,αUˆ and nˆe from the charging energy term
in Eq. (A1). The transformed Hˆ ′e,α can then be diago-
nalized by an expansion of the electronic field in terms
of Bogoliubov modes
ψˆασ(r) =
∑
k
[
uασk(r)bˆαk + vασk(r)bˆ
†
αk
]
= fασ(r)γα1 + igασ(r)γα2 + . . . ,
(A12)
where bˆαk are Bogoliubov operators with associated Bo-
goliubov mode functions {uασk(r), vασk(r)}. In the sec-
ond line above we have written the lowest energy Bo-
goliubov mode in terms of Majorana operators, bˆα0 =
1
2 (γˆα1 + iγˆα2), and the ellipses refer to higher energy
modes, k = 1, 2, . . . , which we drop in a low-energy ap-
proximation for each wire. Note that the Majorana mode
functions {fασ(r), gασ(r)} are real.
The resulting low-energy approximation to Hˆ ′island =
Uˆ†HˆislandUˆ is
Hˆ ′island ' EC(Nˆ − ng)2 +
∑
α=L,R
Eαiγˆα1γˆα2. (A13)
Here Eα is the energy splitting of the Majorana fermion,
proportional to the Majorana mode function overlap
which we assume to be exponentially small in the wire
length Lα, that is Eα ∝ e−Lα/ξα with ξα a characteristic
coherence length for the wire [19]. We assume that Lα is
large enough that we can set Eα = 0 from here on.
Similarly, the interaction Hamiltonian Hˆ ′island,int =
Uˆ†Hˆisland,intUˆ is in the transformed frame given by
Hˆ ′island,int = i~λCNˆ(aˆ† − aˆ)
−
∑
α=L,R
∑
σ=↑,↓
∫
d3rδµ(r)ψˆ†ασ(r)ψˆασ(r),
(A14)
where we have defined
δµ(r) = ωr
√
piZr
RK
Cc
Cisland
[ur(r)− 1]. (A15)
We see that in the lumped element approximation men-
tioned above where we take u(r) = 1 across the entire is-
land, the resonator voltage decouples from the unpaired
8electrons in this frame. However, it is worth noting
that we can relax this assumption when the only rele-
vant fermionic modes are the low-energy bound Majo-
rana modes, since in the same low-energy approximation
as before we have
Hˆ ′island,int ' i~λCNˆ(aˆ† − aˆ)
+
∑
α=L,R
iλαiγˆα1γˆα2(aˆ
† − aˆ) + i~A(aˆ† − aˆ), (A16)
where
λα = −2ωr
√
piZr
RK
Cc
Cisland
∑
σ
∫
d3r [ur(r)− 1]
× fασ(r)gασ(r),
(A17)
A = − ωr
√
piZr
RK
Cc
Cisland
∑
α
∑
σ
∫
d3r [ur(r)− 1]
× [fασ(r)fασ(r) + gασ(r)gασ(r)].
(A18)
Crucially, λα vanishes in the topological regime where the
Majorana mode function overlap is exponentially small.
In the long wire limit we therefore take λα → 0. More-
over, this is holds independently of the detailed form of
u(r), and we therefore expect the electromagnetic field to
decouple from the Majorana modes even in a more gen-
eral situation where the resonator mode function varies
significantly over the qubit island. The term proportional
to A gives a small displacement of the resonator ∼ A/ωr
which can be absorbed into a re-definition of aˆ. We sim-
ply ignore this term in the following.
The disappearance of nˆe from the charging energy and
the capacitive coupling to the resonator means that in
the frame defined by Eq. (A9), Nˆ effectively counts the
total charge on the island. This will become more clear in
the next section when we introduce tunneling of electrons
on and off the island.
2. TS-Sm-TS setup
To be able to couple to pairs of Majorana operators
such as iγL2γR1, where the two corresponding Majorana
mode functions are localized on different wires, we intro-
duce a tunable semiconducting region as a mediator, as
illustrated in Fig. 1. The Sm-segment is described by a
set of electronic orbitals
HˆB =
∑
j
hj bˆ
†
j bˆj + U
∑
j
bˆ†j bˆj − nb
2 (A19)
where {bˆi, bˆ†j} = δij , and coupling between the wires
and the semiconductor by a phenomenological tunneling
Hamiltonian
HˆT = −
∑
α
∑
j
∑
σ=↑,↓
∫
d3rtαjσ(r)ψˆ
†
ασ(r)bˆj + H.c.
(A20)
The Sm-segment also couples capacitively to the res-
onator field, described by a Hamiltonian [30]
HˆB,int =
∑
j
i~λj bˆ†j bˆj(aˆ
† − aˆ), (A21)
with λj a coupling strength for Sm-orbital j.
Upon performing the unitary transformation Eq. (A9)
and the low-energy approximation as before, one can
write a total Hamiltonian for the system in the trans-
formed frame
Hˆ ′tot = Hˆ
′
island + Hˆ
′
island,int + HˆB + Hˆr
+ HˆB,int + Hˆ
′
T
(A22)
where the low-energy approximation to the tunneling
Hamiltonian is
Hˆ ′T '
∑
j
[ itLj
2
eiϕˆ/2γˆL2bˆj
− tRj
2
eiϕˆ/2γˆR1bˆj + H.c.
]
,
(A23)
with
tLj = 2
∑
σ=↑,↓
∫
d3rtLjσ(r)gLσ(r), (A24a)
tRj = 2
∑
σ=↑,↓
∫
d3rtRjσ(r)fRσ(r). (A24b)
We have here assumed that the overlap between the tun-
nel couplings tαj(r) and the Majorana mode functions
at the far ends of the wires, i.e., fLσ(r) and gRσ(r), is
negligible.
The form of Hˆ ′T clarifies the role of Nˆ in the frame
defined by Eq. (A9). The operator eiϕˆ/2 increases Nˆ by
one, i.e, eiϕˆ/2|N〉 = |N + 1〉 for |N〉 an eigenstate of
Nˆ with eigenvalue N . By introducing Majorana fermion
operators for each wire fˆL =
1
2 (γˆL1+iγˆL2), fˆR =
1
2 (γˆR1+
iγˆR2), such that
γˆL2 = ifˆ
†
L − ifˆL, (A25)
γˆR1 = fˆ
†
R + fˆR, (A26)
we see that the action of an operator like eiϕˆ/2γˆL2bˆj is to
remove one electron from the semiconductor, increase Nˆ
by one, and flip the state of the fermion associated to fˆL
on the left wire. Thus, in this frame, Nˆ counts the total
charge.
3. Diagonalizing the TS-Sm-TS Hamiltonian
In the proposed readout protocol, the coupling to
the semiconducting barrier is gradually turned on such
that the initial near-zero energy logical qubit eigenstates
evolve into hybridized states partially localized in the
9semiconducting segment. The logical states then become
split in energy and couple to the resonator field. The key
physics can be exposed by diagonalizing the Hamiltonian
for the TS-Sm-TS system, excluding the coupling to the
resonator, i.e.,
Hˆ ′q = Hˆ
′
island + Hˆ
′
B + Hˆ
′
T . (A27)
We only consider a single Sm-orbital j = 0 in this section,
for simplicity.
It is convenient to first combine γˆL2 and γˆR1 in a sin-
gle fermion fˆ = 12 (γˆL2 + iγˆR1) such that the tunneling
Hamiltonian can be written
Hˆ ′T =
it−
2
eiϕˆ/2fˆ†bˆ0 +
it+
2
eiϕˆ/2fˆ bˆ0 + H.c., (A28)
where we have defined t± = tLeiϕx/2 ± tR. We here
take tL and tR to be real and positive without loss of
generality. Flux quantization around the loop formed
by the superconducting island and TS-Sm-TS junction
(see Fig. 1) is accounted for by including the external
flux contribution ϕx = Φx/Φ0, with Φ0 = h/2e the flux
quantum, in the tunneling amplitudes t±.
To diagonalize Eq. (A27), we first note that the Hamil-
tonian only induces transitions within a two-level sub-
space {|0n〉 ≡ |N = n, n0 = 0〉, |1n〉 ≡ |N = n − 1, n0 =
1〉} of the island-charge/dot subsystem, where n0 denotes
the occupancy of the dot. We can thus treat each sub-
space labeled by n independently.
First define a new lowering operator
cˆn = |0n〉〈1n|, (A29)
such that in the {|0n〉, |1n〉} subspace the Hamiltonian
becomes
Hˆ ′q,n = δ(n)cˆ
†
ncˆn + EC(n− ng)2
+
(
it−
2
fˆ†cˆn +
it+
2
fˆ cˆn + H.c.
)
,
(A30)
where δ(n) = ε0 − 2EC(n − ng) + EC . This quadratic
Hamiltonian can be diagonalized exactly by a unitary
transformation Uˆn = e
−Sˆn with
Sˆn = α
(n)
− cˆ
†
nfˆ − α(n)+ cˆ†nf† −H.c. (A31)
With the choice
tan(2|α(n)± |) =
|t±|
δ(n)
,
α
(n)
±
|α(n)± |
=
−it∗±
|t±| , (A32)
we find
Hˆ ′′q,n = Uˆ
†
nHˆ
′
q,nUˆn
= εc(n)cˆ
†
ncˆn + εf (n)fˆ
†fˆ + E(n)
(A33)
with
εc(n) =
sgn δ(n)
2
[f+(n) + f−(n)] , (A34)
εf (n) =
sgn δ(n)
2
[f+(n)− f−(n)] , (A35)
E(n) = EC(n− ng)2 + 1
2
[δ(n)− εc(n)− εf (n)], (A36)
For notational convenience we have defined f±(n) =√
δ(n)2 + t2L + t
2
R ± 2tLtR cos
(
ϕx
2
)
.
To consider the coupling to the resonator we need to
also transform the interaction Hamiltonian. The total
interaction Hamiltonian in the nth subspace is
Hˆ ′int,n = i~(λ0−λC)cˆ†ncˆn(aˆ†−aˆ)+i~nλC(aˆ†−aˆ), (A37)
which transforms to
Hˆ ′′int,n = i~
[
gc(n)cˆ
†
ncn + gf (n)fˆ
†f
]
(aˆ† − aˆ)
+i~
[
w−(n)fˆ†cˆn + w+(n)fˆ cˆn + H.c.
]
(aˆ† − aˆ)
+i~nλC(aˆ† − aˆ),
(A38)
with
gc(n) =
λ0 − λC
2
(
δ(n)
f−(n)
+
δ(n)
f+(n)
)
, (A39)
gf (n) =
λC − λ0
2
(
δ(n)
f−(n)
− δ(n)
f+(n)
)
, (A40)
w±(n) = (λ0 − λC) it±
2δ(n)
. (A41)
The advantage of this change of frame is that all terms
that are off-diagonal in the electron operators are now
of order |~w±(n)|. We can treat ~w±(n) as small pa-
rameters, assuming that the relevant electronic transi-
tion are all far detuned from the resonator energy. We
neglect these terms from now on, which is valid as long
as δλ = λ0− λC is sufficiently small compared to the en-
ergy cost δ(n) of moving an electron from the island to
the barrier orbital.
Resumming, the Hamiltonians Hˆ ′′q =
∑
n Hˆ
′′
q,nPˆn and
Hˆ ′′int =
∑
n Hˆ
′′
int,nPˆn, where Pˆn is a projector onto the
{|0n〉, |1n〉} subspace, can be written
Hˆ ′′q = εc(Nˆ + 1)bˆ
†
0bˆ0 + εf (Nˆ)fˆ
†fˆ
+ [εf (Nˆ + 1)− εf (Nˆ))]bˆ†0bˆ0fˆ†fˆ
+ E(Nˆ) + [E(Nˆ + 1)− E(Nˆ)]bˆ†0bˆ0,
(A42)
and
Hˆ ′′int ' i~[gc(Nˆ + 1) + λC ]bˆ†0bˆ0(aˆ† − aˆ)
+ i~gf (Nˆ)fˆ†fˆ(aˆ† − aˆ)
+ i~[gf (Nˆ + 1)− gf (Nˆ))]bˆ†0bˆ0fˆ†fˆ(aˆ† − aˆ)
+ i~λCNˆ(aˆ† − aˆ),
(A43)
where the various functions of Nˆ are diagonal operators
in the charge basis defined through f(Nˆ+a) =
∑
n f(n+
a)|n〉〈n|. We emphasize that the diagonalization of Hˆ ′′q
is exact, and the only approximation is made in Hˆ ′′int.
Since Hˆ ′′tot = Hˆ
′′
q + Hˆ
′′
int + Hˆr conserves the charge
number and Sm-occupation at this level of approxima-
tion, we can assume that the charge and Sm-degrees of
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freedom remain in a definite state, and replace Nˆ → N ,
bˆ†0b0 → n0. This amounts to an “adiabatic elimination”
of the Sm and island charge degrees of freedom. In par-
ticular, for ng ' 0 and large EC , ε0, we can assume the
charge subsystem to be in the state |N = 0, n0 = 0〉
and drop terms proportional to Nˆ and bˆ†0b0 in Hˆ
′′. The
Hamiltonian in Eq. (5) is then finally found by defining
σˆz = 2fˆ
†fˆ − 1.
Hˆ ′′tot ' ~ωraˆ†aˆ+
~ωq
2
σˆz + i~gz(σˆz + 1)(aˆ† − aˆ) (A44)
with ~ωq = εf (0), gz = gf (0)/2, and we have dropped a
constant term.
It is also insightful to consider approximate expressions
for the parameters in Eq. (5) in the limit tL, tR  δ,
where δ ≡ δ(0) = EC + ε0. The expressions greatly sim-
plify in this limit, which can be useful to gain physical
insight, but we emphasize that the readout protocol is not
limited to this regime. Indeed, a strong hybridization of
the Sm-orbitals and Majorana modes might be prefer-
able. The relevant parameters are in the small tunneling
regime approximated by
~ωq ' tLtR cos (ϕx/2)
δ(n)
, (A45)
~gz ' λC − λ0
4
tLtR cos (ϕx/2)
δ(n)2
. (A46)
Note that although Eq. (A44) is perturbative in the
coupling δλ = λ0−λC , higher order terms in a Schrieffer-
Wolff [27] expansion of Eq. (A38) will be proportional
to fˆ†fˆ or the identity, and thus still commute with σˆz.
Since it is advantageous to have fairly large {tL, tR}/δ
this suggests a regime where both the tunneling rates and
δ are large compared to δλ. For δλ/(2pi) in the 10–100
MHz range, δ/~ and {tL, tR}/~ in the 10 GHz range or
more is desirable [33; 34]. Another constraint is related
to the charging energy of the island, EC . Protection
from quasi-particle poisoning favors a large EC , but this
constraints δλ since the island capacitance can not be
too large. The coupling strength to the resonator can,
however, be boosted using a high-impedance resonator,
as has recently been used to achieve strong spin-photon
coupling [35–37].
Appendix B: Coupling to the environment
Noise in system parameters such as ng, tαj , εj or ϕx,
leads to fluctuations in ωq and gz, but preserves the gen-
eral form of Eq. (5). This type of noise might reduce
the signal-to-noise ratio in a measurement, but does not
cause state-transitions, i.e., it does not change the QND
nature of the readout.
Understanding noise due to coupling to the surround-
ing electromagnetic environment is also straight forward
in the sense that there is nothing special about the res-
onator mode that was singled out in Appendix A. In
other words, other modes of the electromagnetic field
couples in exactly the same way, such that in the same
low-energy approximation as before, we expect the cou-
pling to the environment to be of the form
Henv,int = λ
B
ij γˆiγˆjBˆ(t), (B1)
for any pair of Majorana modes γˆi, γˆj . Here Bˆ(t) could
include both classical stochastic processes, describing
noise in system parameters, and quantum noise through
a bath operator of the generic form [38]
Bˆ(t) = i
∫ ∞
0
dωλω(bˆ
†
ωe
iωt −H.c.), (B2)
where λω are coupling constants and [bˆω, bˆ
†
ω′ ] = δ(ω−ω′).
Crucially the coupling λBij in Eq. (B1) is proportional to
λBij ∝
∫
d3rfi(r)gj(r), (B3)
where fi(r) and gj(r) are the corresponding Majorana
wavefunctions. For two Majorana modes localized on
the same superconducting island, this follows from the
derivation leading up to Eqs. (A16) and (A17) by replac-
ing the single-mode resonator field by the multi-mode
field Eq. (B2). For two Majorana modes tunnel cou-
pled to a common non-superconducting region as in Ap-
pendix A 2, the form Eq. (B3) follows since the tunnel
coupling are proportional to the overlap of the corre-
sponding Majorana wavefunctions and the electronic or-
bitals in the non-superconducting region, c.f. Eqs. (A23)
and (A24).
In summary, any coupling to the surrounding elec-
tromagnetic environment is exponentially suppressed for
Majorana modes that are far apart, due to the frac-
tional and non-local nature of the Majorana modes. We
can therefore choose to couple only to a single opera-
tor iγˆiγˆj , with coupling to other Majorana modes highly
suppressed. This observable is thus a constant of motion
(up to exponential corrections in the wire lengths and
the usual arguments about a sufficiently large supercon-
ducting gap, etc.). In this sense the QND nature of the
measurement is topologically protected.
Appendix C: Measurement fidelity for longitudinal
readout
The simple form of Eq. (5) of the main paper makes it
possible to find an analytical expression for the measure-
ment fidelity, which is defined as
F =
1
2
[p(1|1) + p(−1| − 1)] = p(1|1), (C1)
where p(i|j) is the probability of assigning outcome i
given σˆz = j (note that σˆz is a constant of motion),
and by symmetry p(1|1) = p(−1|− 1) in the current con-
text. Using the results from the Supplementary Material
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of Ref. [14] we have that a homodyne measurement of
the resonator’s output field is described by a Gaussian
random variable with mean
µ±1 = ±µ = ±2|g˜z|τ
[
1− 2
κt
(
1− e−κτ/2
)]
, (C2)
and variance σ±1 = κτ , where g˜z is the amplitude of
the modulation of the longitudinal coupling and τ is the
measurement time. The ±1 notation refers to the two
values σˆz = ±1. The probability F = p(1|1) is then
easily found
F =
1√
2piσ
∫ ∞
0
dxe−(x−µ)
2/2σ2
= 1− 1
2
erfc(
µ√
2σ
).
(C3)
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